INTRODUCTION
The interest and research activities in the field of laser-induced periodic surface structures (LIPSS) have been growing in recent years due to their promising applications for surface functionalisation. In particular, such surface engineering technology has been used for decorative purposes [1] , anti-counterfeiting [2] and improved solar cell efficiency [3] due to the resulting structural coloring, broadband light absorption, antireflection and blackening effects. In addition, surfaces processed in this way exhibit a superhydrophobic behaviour that finds applications in self-cleaning [4] and anti-icing [5] . Another area is biomedical, i.e. dental and orthopaedic implants, where LIPSS textured surfaces have been used to influence biocompatibility [6] , cell proliferation [7] and also bacterial adhesion and biofilm formation [8, 9] . Furthermore, LIPSS texturing of hard coatings has also been investigated for tribological applications [10] .
These applications can require surface topographies with dimensions in the sub-micron range.
Therefore, ultra-short laser pulses are used to generate a plethora of low spatial frequency LIPSS (LSFL), such as nanoroughness, nanopillars and nanogratings, with periodicities much lower than the laser spot size. There are many factors affecting their generation such as irradiated material and laser wavelength [11] , beam polarisation [12] , fluence per pulse and number of pulse [13] , but also the irradiation environment [14] and irradiation angle [15] .
LSFL are usually orientated perpendicular to the incident linear polarisation and have a spatial periodicity close to the laser wavelength [11] . In the case of circular polarisation, several cases can be observed: wavy ripple-like LSFL generated at 45° orientation [12, 16] .
With the increase of the total energy dose per unit area, referred to as accumulated fluence, early-stage LIPSS undergo a sharp change in periodicity and uniformity [17] . When both peak fluence and accumulated fluence increase, more complex, hierarchical LIPSS referred to as micro-bumps can be obtained [18] . Bumpy surfaces are shown to be a consequence of heat accumulation at high average power and repetition rates [19] .
Such complex LIPSS can be generated with linear polarised femtosecond laser pulses by tailoring a compound mix of LIPSS in the sub-micron range [20] . Furthermore multi-scale topographies can be obtained by using a pre-processed surface [21] . The fabrication of rhombic-shaped LIPSS can be achieved using promising single-step laser processes using a dynamic rotation of polarisation [12] or a cylindrical vector beams generated with a radial polarisation converter [22] . Another approach is the two-step processing employing a train of pulses or multiple passes with varying relative orientation of the scans in regard to the polarisation direction that lead to square-or diamond-shaped LIPSS. Superimposition of LIPSS can occur with significantly less fluence per pulse than that used in the initial pulses [9, 23, 24] .
The texturing of larger surfaces with such self-organised quasi-periodic nanofeatures is essential to broaden the use of this technology for surface functionalisation in a number of promising application areas. Such large-area texturing has been investigated by employing different processing strategies, e.g. the use of moving discrete spot laser irradiation to merge LIPSS [25, 26] or through pulse overlapping [18, [27] [28] [29] [30] . High repetition rates combined with high scanning speed, in the order of MHz and m/s respectively, has also been shown to enable area processing with sufficient pulse fluence and pulse overlap to generate uniform LIPSS in one pass; the uniformity being then obtained by optimising the distance between scanned lines [29] . However, potential local non-uniformities of LIPSS are known to occur as a result of preceding polishing step [28, 31] , grain boundaries [32] and surface defects [28] .
Uniformity of LIPSS generation can potentially be improved using pre-processed gratings [21, 33] .
In this paper, the LIPSS generation on stainless steel plates in ambient air is presented. A single-step femtosecond laser process (one pass) is investigated using high scanning speed and pulse frequency, up to 1 m/s and 500 kHz, respectively, to enable high-throughput processing. The generation of uniform large-area LIPSS with Gaussian intensity laser beam is studied. In addition to wavy and relatively disorganised LSFL reported in literature [12, 16, 22] , this research presents a single-step texturing with highly regular linear-LSFL and triangular-like LSFL in hexagonal arrangements employing a conventional beam delivery setup with circular polarisation. The functional properties of processed surfaces in terms of light scattering and wettability are also investigated together with process robustness, in particular the sensitivity of the texturing process to variations in the focal position.
MATERIAL AND METHODS
Commercially available X6Cr17 ferritic stainless steel plates with 0.7 mm thickness and average roughness of R = 35 nm are used in this research.
The texturing was performed using a femtosecond laser source (Satsuma from Amplitude Systemes) with the following technical characteristics, a central wavelength, , of 1032 nm, 310 fs pulse duration, a maximum pulse repetition rate of 500 kHz and 5 W average power.
The beam line incorporates a beam expander and a quarter waveplate to convert the s-type linear polarisation of the laser source into a circular one. A galvo scan head (RhoThor RTA) equipped with a 100-mm focal length telecentric lens is used to deflect the laser beam over the surface. The spot diameter 20 at 1/ 2 is 30 m.
Initially, the field textured were limited to 3 x 3 mm 2 in order to study the LSFL generation. The textured areas were processed line by line, using a bidirectional raster scanning strategy.
The distance between scan lines is defined as hatch distance, h, ranging from 1 m to 10 m.
The scanning is executed with a variable velocity, v, from 100 mm/s to 1500 mm/s and pulse repetition rates, f, from 50 kHz to 500 kHz. The distance between two consecutive spot centres is therefore given by:
The effective number of pulses per beam spot is calculated by 2 0 ⁄ while the effective number of pulses per unit area, N, is:
The overlap, O, between two consecutive circular pulses can be approximated by the geometrical equation [34] :
Surfaces were textured with varying average power, P, and pulse repetition rates, f, and thus the pulse fluence could be calculated as 0 = ( 0 2 ) ⁄ . The effective accumulated fluence per unit area,  can then be approximated as follows:
The sub-micron textures of processed surfaces were analysed using a tabletop scanning electron microscope (SEM) (Hitachi TEM3030Plus).
The wetting properties were characterised using the sessile droplet method employing Attension Theta Optical Tensiometer. In particular, Milli-Q waterdrops of 6 l were dispensed under atmospheric conditions onto the textured surfaces and the average value of the static contact angle (CA) was obtained after stabilisation. No chemical product was used to clean the laser processed samples and any debris were removed by using compressed air.
RESULTS AND DISCUSSION

PROCESS OPTIMISATION FOR UNIFORM LSFL
The first part of the research reported in this paper was focused on optimising a single pass laser process for texturing large areas with low spatial frequency LIPSS (LSFL) that are referred to as LIPSS from this point on in the paper. As typically these types of self-organised structures occur below and around the ablation threshold, the first objective was to find the LIPSS threshold. This was achieved by adjusting the pulse energy while keeping the other processing parameters constant, i.e. scanning speed of 500 mm/s and pulse repetition rate of 250 kHz. The scanning strategy to achieve a high overlap was initially used to minimise the rim effect of the Gaussian intensity beam as illustrated in [35] . In particular, the pulse to By varying pulse energy and scanning speed, and hence the pulse-to-pulse distance, intermediate stages of LIPSS were observed progressively where the ripples were selforganised in a very consistent and uniform manner (Fig 2c) . In particular, the resulting LIPSS morphology looked like triangles where the ripples were divided in triangular-like subsections. A long-range hexagonal arrangement is indicated by the 2D-FFT that depicts distinctly 3 directions of periodicity with an angular shift of around 60°. The increase of accumulated fluence at the early stages led to the formation of LIPSS with more defined ripples with the same range of periodicity (Fig 2a-b) . However, the highly uniform triangular-LIPSS are continuously erased at the later stages of their evolution. In particular, the merger of triangular-LIPSS into ripples was observed that led to a mix of triangles and ripples. 2D-FFTs of LIPSS shown in Figures 2d-e indicate a continuous alignment into ripple-like LIPSS. At higher accumulated fluence, sub-micron roughness can be observed on ripples (Fig 2e) until covering all LIPSS (Fig 2f) .
By varying the fluence per pulse and scanning speed while keeping the other parameters constant, a cartography of the LIPSS morphologies was drawn as shown in Figure 3 . The processing window for generating uniform triangular-LIPSS was identified, especially pulse fluence from 71 to 144 mJ/cm 2 and 118 to 353 pulses were used to achieve an accumulated fluence in the range from 10.8 to 25.2 J/cm 2 . A thorough analysis of the LIPSS periodicity and orientation was carried out by varying the pulse fluence while frequency, scanning speed and hatching distance were fixed at 250 kHz, 500 mm/s and 2 m, respectively. The LIPSS periodicities vary between 0.84 and 0.98 m but remain below 1.03m, the laser wavelength, as depicted in Figure 4a . At 0 = 54 mJ/cm The second part of the research investigated the influence of other processing parameters. In particular, experiments were performed for each parameter separately while the average power and the scanning speed were kept constant in order to find the optimum process settings and also to study their effects on LIPSS texturing.
The influence of hatch distance when varied in the range from between 1 to 20 m was investigated. The surface was not entirely covered with LIPSS when hatching of 10 m and higher were used and only early stage LIPSS with periodicity of 0.94 m at -17° appeared in the centre of the laser track. At the same time 2 distinct ripple directions were observed when the hatch distance was decreased to bring the LIPSS textured laser track together, and a periodicity of 0.92 m at -53° was mixed with the periodicity resulting at higher spacing (Fig   5a) . At 3 m hatching, 3 more periodicities were added to the 2 earlier ones, i.e. 0.98m/6°, 1.50m/57° and 0.97m/71°, and LIPSS with triangular shapes began to appear but without a clear homogeneity (Fig 5b) . At h = 2 m (0.87m/-47°, 0.97m/11°, 0.93m/77°) the triangular-LIPSS were very uniform as stated earlier while a further decrease of hatch distance led to a disappearance of uniformity and only the main periodicity at -42° remained (Fig 5c) . Based on this empirical analysis a hypothesis could be drawn on the triangular-LIPSS formation mechanism, in particular the triangles would appear in the transition phase between early linear-LIPSS oriented at -17° and later LIPSS at -42°, where sufficient accumulated fluence leads to a separation of the ripple-like LIPSS into triangles.
The variation of pulse repetition rates, i.e. the use of 10, 50, 100, 250 and 500 kHz, didn't allow the triangular-LIPSS to be retained and this could be attributed to some significant changes both in pulse energy and pulse-to-pulse distance. In addition, no surface damage was detected at 10 kHz while early-stage ripple-like LIPSS of single periodicity of 0.92 m at -17° were observed at 50 kHz (Fig 5d) . The process settings at f = 100 kHz (N=71, ϕ0 = 68 mJ/cm 2 ) resulted in highly uniform and regular linear-LIPSS with periodicity of 0.90 µm and orientation at 40° (Fig 5e) . While process settings in Figure 2b are similar to those in Figure   5e ,  of 12.2 and 12.6 J/cm 2 , respectively, LIPSS morphologies differs, especially resulting in uneven ripples and aligned ripples with a spatial periodicity of  = 0.90 m, correspondingly. This effect may be due to different time delays in delivering trains of pulses [36] and to different pulse-to-pulse distance [2] . The LIPSS in Figure 5e was used to compare the surface functionalities of linear-and triangular-LIPSS in this research. A further increase of pulse repetition rate led to the loss of straight lines uniformity and the generation of ripplelike LIPSS (Fig 5f) . The influence of scan repetitions over the processed area was analysed by increasing them from 1 to 10 while using the following process settings: ϕ0 = 92 mJ/cm 2 and N = 177. A clearly defined hexagonal 2D-FFT signifying a uniform triangular arrangement of LIPSS was obtained after the first scan only and then disappeared after the second one (Fig 6a-c) . In particular, the main periodicity decreased from 0.87 to 0.74 m while the orientation shifted from  ~ -46° to ~ -26°. An additional test was performed at a lower fluence per pulse (ϕ0 = 54 mJ/cm 2 ), just above the LIPSS threshold, where LIPSS appeared only on some very localised surface defects but it was not possible to texture the whole area that was scanned (Fig 6d) . The increase in scan numbers led to ripple-like LIPSS texturing, with a decrease in the periodicity without changing significantly the periodicity orientation (Fig 6e-f) . 
FORMATION OF LIPSS IN HEXAGONAL ARRANGEMENTS
There is still no consensus on the mechanism of quasi-periodic ripples-like LIPSS formation.
LIPSS induced with linear polarisation has been widely considered to result from the interference of incident laser beams with surface-scattered waves generated by rough surfaces [37] . The excitation and resonance of surface plasmon polaritons [38] might also play a significant role in the LIPSS generation.
Hexagonal self-organisation of nanoparticles was observed by irradiating TiO2 thin films and silver nanoparticles with green CW circularly polarised light [39] . It is suggested that the mesoporous characteristic of TiO2 facilitates the movement of nanoparticles. The migration of nanoparticles may be the result of the same phenomena as that observed in this research. In particular, the scanning of substrates with circularly polarised laser beams can generate hexagonal-shaped arrangements in specific conditions. The symmetries induced by such hexagonal arrangements may then lead to triangular-shaped LIPSS formation.
As LIPSS are evolving with the increase of pulse numbers, simulation of the electric field distribution after linearly polarised irradiation onto submicron grooves, representing early stage linear-LIPSS, was investigated by several researchers [20, 40] . Ji et al used a linearly polarised femtosecond laser to fabricate a complex mix of cross-periodic LIPSS on Si substrates. It was experimentally demonstrated that the first pulses generated typical linear-LIPSS but with the increase of pulse numbers a perpendicular sub-division of LIPSS occurred while the periodicity was similar. The simulation the electric field distribution after irradiation of linear-LIPSS suggested that the phenomena could be attributed to local maxima in the electric field distribution inside their grooves [20] . However, Hou et al reported a parallel subdivision of LIPSS that decreased the LIPSS periodicity by half. This experimental observation was confirmed by referring to the surface-scattered wave theory and simulating the electric filed distribution after irradiation and reflection from linear-LIPSS grooves [40] .
Similar to what was observed and simulated with linearly polarised irradiation, circular polarisation could lead to a more complex sub-division of LIPSS. Thus, a simulation of circularly polarised beam irradiation onto early-stage LIPSS may provide some insights into the complex maxima patterns of the electric field distribution and potentially to explain the hexagonal arrangement of triangular-LIPSS.
Another aspect to consider in regard to the triangular-LIPSS formation that can affect the process repeatability is the potential misalignment of the quarter waveplate. As reported by
Varlamova et al, a slight misalignment can lead to elliptical polarisation instead of a circular one and this may have a significant impact on the LIPSS generation and may lead to different LIPSS morphologies [41] . In this work, a slight shift of the linear-LIPSS arrangements was observed during the early-stage LIPSS generation and also in the evolution of the triangular-LIPSS. However, the mechanism driving the LIPSS hexagonal arrangement has to be investigated further in both empirical and theoretical studies.
SURFACE FUNCTIONALITY
Surface functionalities of two LIPSS types were analysed in this research, i.e. triangular-and linear-like LIPSS depicted in Figures 3b and 5e , respectively. The wettability of a representative 16mm 2 area was measured after stabilisation of the water drop on the textured surface. Following the laser texturing, the samples exhibited superhydrophilic behaviour, which lasted approximately 1-2 days while the samples were store in ambient conditions, and then they became gradually superhydrophobic and reached a steady state after one week.
Starting with a static contact angle of 96.0° ± 3.5° prior to laser texturing, values of 145.7° ± 0.8° and 157.1° ± 1.6° were achieved for linear-and triangular-LIPSS, respectively ( Figures   7a-b at z=0) . The time dependent wettability of femtosecond LIPSS was reported by research groups [22, 27, 42, 43] , however the phenomenon remains largely not fully understood. Modification of surface chemistry together with activation and adsorption of hydrocarbon molecules by the resulting organic layer could explain this phenomenon [27, 42, 44] . The storage condition of the laser-textured samples also plays an important role in the aging process [34] .
While both LIPSS morphologies had a similar hydrophobic behaviour, the hexagonal arrangement of triangular LIPSS may benefit from its more complex morphologies, the multiple axis of symmetry and well-defined uniformity in different ways. The wetting behaviour of ripple-like LIPSS have been reported to show an anisotropic behaviour, where the water drop tends to elongate itself in the LIPSS direction [45] . While no water drop elongation has been observed in the present work, the three axes of symmetry of the triangular-LIPSS may minimise any anisotropic effect and also may lead to a multidirectional self-cleaning functionalisation.
The optical properties of both LIPSS morphologies were investigated, too, using a single white LED light source. The light scattering was observed for different combinations of light incident and observation angles. While such structural colors are widely reported to be dependent on the orientation of linear-LIPSS or on more randomly distributed ripples-like LIPSS [1, 2] or rhombic-shaped LIPSS [22] , the multiple axes of symmetry of the triangular-LIPSS may exhibit structural colors in multiple directions and further research is currently ongoing to investigate potential applications of this technology in decoration and anticounterfeiting.
INFLUENCE OF FOCAL POSITION ON SURFACE FUNCTIONALITY
Large surfaces may have localised defects or slight variation in planarity that may influence greatly early stage LIPSS formation, and thus to lead to ripples instead of uniform lines or triangles. Changes in LIPSS generation when processing out of focus or with incident beam that was not normal to the processed surface were widely reported by research groups, especially in term of their homogeneity, morphology and periodicity [15, 43] . When off focus processing is carried out, the beam size, pulse overlap and pulse fluence are inherently modified. However, the main periodicities of LIPSS processed off focus remain relatively constant for both the linear-LIPSS ( = 0.90 m) and the triangular LIPSS ( = 0.84 to 0.88 m) as depicted in Figure 7c . Non-uniform LIPSS were observed when zwas higher than 200 and 500 m, for linear-and triangular-LIPSS, respectively. It is worth mentioning that triangular-LIPSS were not generated at z = -250 m and only non-uniform ripples were observed but the surface functionality was not affected.
To assess the depth of focus for the structural coloring, a binary state was considered by visually observing the sample at different combination of lighting and observation angles.
Contact angles are measured after surface stabilisation like described in Section 3.3 and presented in Figure 7d . The laser processed surface is considered functionalised when contact angle changes are higher than ± 10% of the reference value for unprocessed surfaces.
The results in Figure 7e show that if the offset is within the theoretical depth of focus (estimated at 1.1 mm in Section 2), the surface properties cannot be maintained for both LIPSS types. No structural coloring was observed when z was higher than 200 and 550 m, for the linear-and triangular-LIPSS, respectively. The surface wettability was the same as that on unprocessed samples when z was higher than 450 and 800 m, for linear-and triangular-LIPSS, respectively. Hence, the depth of focus associated with the hydrophobic property is higher than that for structural coloring.
CONCLUSION
The successful generation of uniform Laser-Induced Periodic Surface Structures (LIPSS) was demonstrated on ferritic stainless steel employing a one-step processing approach in air with a circularly polarised femtosecond laser source. Low Spatial Frequency LIPSS (LSFL) were produced exhibiting highly uniform distinct triangular-shapes in hexagonal arrangement over relatively large surface areas. A texturing approach was designed by investigating the effects of pulse fluence and both scanning speed and repetition rates. In addition, the sensitivity of this approach to off focus processing in generating LIPSS was studied. The triangular-LIPSS were demonstrated for a narrow, however highly repeatable laser processing window at a rate of approximately 1 mm 2 /s. Such LIPSS exhibited light scattering and superhydrophobic properties, with contact angles as high as 157° after surface stabilisation through storage at ambient conditions. Using constant processing parameters and an optimised scanning strategy, the depth of focus associated with investigated functional properties, i.e. structural colors and hydrophobicity, was determined. The approach studied in this research represents a new concept in large-area ultrafast laser structuring, where the accumulated fluence was a key factor in achieving a uniform texturing and thus functionalisation of metallic plates with some planarity deviations.
ACKNOWLEDGMENTS
The research reported in this paper was carried out within the framework of European 
